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Molecular dynamicsBy employing a combination of Molecular Dynamics simulations and experimental SAXS studies, we investigate
low-concentration suspensions of polydisperse magnetic platelets with dipole moments perpendicular to the
platelets' plane. Exploiting the precise control of platelet size and shape in simulation,we are also able to contrast
these results with equivalent density monodisperse suspensions. We show how the polydispersity may lead to
the reduction of the orientational and spatial correlations in the absence of an applied field,while simultaneously
facilitating thefield-induced transition into a nematic-like phase. Alongwith structural properties, we investigate
the magnetic response. This allows us to confirm that the inter-platelet magnetic correlations have a negligible
influence on the structure of the low-density suspensions.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Magnetically responsive liquids are very appealing for a wide range
of applications, as demonstrated by their extensive use in magnetic
dampers and seals, biomedicine [1], vibratory energy harvesting [2–5],
magneto-mechanical actuation and pumping in micro-
magnetofluidics [6,7], magnetic control of light [8,9], targeted drug de-
livery [9,10] ormagnetic field sensing and visualisation [11]. The unique
properties of magnetically responsive liquids give rise to an astonishing
versatility of applications, yet make the fundamental understanding of
such systems rather challenging.
Although there is no fundamental reason opposing spontaneous
macroscopic polar ordering, either ferroelectric or ferromagnetic, in liq-
uids, examples of such ordering are scarce and mostly limited to con-
ventional molecular liquid crystals where polar order is accompanied
by partial positional order [12]. In conventional magnetic fluids, also
known as ferrofluids – suspensions of spherical single-domainmagnetic
nanoparticles [13] – no ferromagnetic ordering is observed, despite anication under the special issue
osenberg).
. This is an open access article underextensive active search [14–27], due to the strong anisotropy of the in-
terparticle dipolar interactions.
At the end of the 20th century, the systems of dipolar particles with
additional shape anisotropy (anisometry) attracted a lot of attention
from theoreticians due to their ability to form various liquid-
crystalline phases, be that nematic, antiferroelectric nematic, smectic,
etc. [28–41], which was later revisited in the works [42–44]. The main
focus of the later studies was on hard/soft ellipsoids or spherocylinders,
with point dipole moments coaligned along the main axis, which typi-
cally corresponds to the axis of revolution. Systems of anisometric dipo-
lar particles can undergo a vapour-liquid phase transition [45], in
contrast to dipolar hard-sphere systems in which this transition has
never been found [46,47]. Even systems with higher order moments
were investigated, albeit less frequently [41].
Anisometric particleswith the dipolemoment oriented orthogonally
to their main axis were not addressed as actively [48–53] as the systems
discussed above. However, this route of study has led to the discovery of
new crystalline phases. Recently, haematite colloids have attracted the
interest of multiple experimental groups, as their magnetic moments
are aligned along the short axis [54,55]. In general, the positioning of
the dipole inside the ellipsoid can be more complex [56].
The oblate spheroidal shape referred to as “platelet” is one of the
most recent types of anisometric shapes introduced in the synthesis of
magnetic and non-magnetic nanoparticles. It has been experimentallythe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. (a) A typical MPL particle main diameter distribution obtained in the experiment;
(b) TEM image of Sc-BaHF MPL.
2 M. Rosenberg et al. / Journal of Molecular Liquids 312 (2020) 113293proven that discotic nematic ordering can appear in suspensions of non-
magnetic nanoplatelets above a threshold concentration, mainly deter-
mined by the shape anisotropy and the electrostatic interaction [57–59].
It was not until recently that experimental realisation of spontane-
ous ferromagnetic order in liquid was achieved in a system of
scandium-substituted barium hexaferrite (Sc-BaHF) magnetic platelets
in n-butanol [60]. While for low volume fractions only strong
magnetic-field induced ordering is observed, above a certain threshold
concentration nematic ordering of the platelets is promoted, resulting
in a macroscopic magnetisation. In contrast to ferrofluids made of
spherical particles, the combination of shape anisotropy, screened elec-
trostatic andmagnetic interactions between the platelets results their in
positional and orientational correlations and promotes ferromagnetic
ordering. This is a simplified picture and for a full description, long-
range magnetic many body interactions need to be considered [61].
One of the remarkable observations for these systems is the formation
of closed magnetic domains structures in thin rectangular capillaries
and under zero-field conditions, which are textbook examples for soft
ferromagnets [62]. The theory of such platelets was barely investigated,
not only due to their recent synthesis, but also due to the complexity of
interactions and parameters involved. Moreover, such platelets are
polydisperse, which additionally makes the effects observed in these
systems dependent on the granulometry.
This paper aims at putting forward a minimal simulation model of
magnetic nanoplatelets (MPL). On its basis, we investigate the impact
of platelets' polydispersity on the structural properties of the suspen-
sion below the isotropic-nematic transition, in which reorientation of
particles can be caused by an applied magnetic field. The advantage of
the simulation approach is that one can study a purely monodisperse
system not accessible in experiment, then compare it to and contrast
it with the polydisperse system.
The structure of our manuscript is as follows. In Section 2 we de-
scribe the experimental system. Subsequently,we introduce the simula-
tionmodel and general simulation approach. The Result and Discussion
section is subdivided into two parts. First, we explore the intrinsic equi-
librium properties of the platelet suspension, comparing RDFs, bond
order parameters and isotropic structure factors for monodisperse sys-
tems to those obtained for a polydisperse system with the experimen-
tally observed size distribution. In the second part of the section, we
discuss the influence of an applied homogeneous magnetic field on
the aforementioned structural properties, while performing a critical
analysis of polydispersity's impact. The impact of the latter is also eluci-
dated in terms of magnetisation curves.2. Experimental
Hydrothermal synthesis of BaHF results in a broad or bimodal parti-
cle size distribution [63], with too large particles, not suitable for stable
suspensions. However, by partial substitution of Fe3+with themore vo-
luminous atoms Sc3+, particle growth rate is decreased, achieving
narrowed and monomodal particle size distribution [64] as shown in
Fig. 1(a). Scandium substituted BaHF were synthesized hydrothermally
and suspended in n-butanol using the surfactant
dodecylbenzenesulfonic acid (DBSA). The thickness of the platelets
was around 3.5 nm and the diameter distribution approximately log-
normal (mean diameter of 55 nm and 20 nm deviation). Due to the
strongmagnetocrystalline anisotropy of the BaHF platelets, they exhibit
magnetic dipole moments perpendicular to their plane. The
magnetisation of the platelets was measured using a vibrating sample
magnetometer (Lakeshore 7400 Series VSM) to be 2 · 10−18 Am2,
which results in strong magnetic interparticle interactions. A typical
transmission electron microscopy image of an experimental system of
MPLs is presented in Fig. 1(b).3. Simulation
We put forward a coarse-grained approach to model MPL, and use
Molecular Dynamics computer simulations in order to investigate
mono- and polydisperse MPL systems, both in the absence of and in
presence of an applied magnetic field.
3.1. MPL model
In order to simplify the calculations of MPL steric repulsion, while
preserving the shape anisometry, we use a so-called “raspberry” repre-
sentation. In this approach, a solid particle with a given shape is
modelled as a rigid arrangement of smaller spheres, referred to as rasp-
berry beads, distributed inside the volume boundary (see Fig. 2). By
assigning proper interactions to every raspberry bead, one can model
excluded volume effects in a discretised approximation. As the simula-
tion particle can only move as a whole, the equations of motion need
only be integrated for the central sphere, meaning that the raspberry
beads are by far computationally cheaper than a typical simulation par-
ticle. In this work, the platelet shape is achieved by using Vogel's Algo-
rithm to optimally distribute the raspberry bead centres on a disc.
These beads each have a diameter of σ = 1, making the overall height
of the platelet 1 in simulation units. This fast and efficient method al-
lows to easily change the number of beads per platelet and as such to
model mono- and poly-disperse systems without changing the surface
properties of the platelets. In our approach, raspberry beads of different
platelets repel each other according to Weeks-Chandler-Andersen po-
tential [65]:
Fig. 2. Raspberry model of a platelet. The central bead (white) carries the dipole moment
perpendicular to the page plane, pink beads are raspberry beads, each of which carries a
charge q as described in the main text and a steric WCA repulsion according to Eq. (1).
All beads have a diameter σ = 1.











where r is the distance between the bead centres, with a cut-off distance
rc = 21/6σ, ε is the repulsion energy scale and the Boltzmann factor
β = 1/kBT, with T denoting temperature and kB – the Boltzmann
constant.
Electric charges and/or point magnetic dipoles can be assigned to
any selection of raspberry elements in order to mimic distributions of
surface charges and magnetic moments. We chose to assign magnetic
dipoles only to central particles, and align them perpendicular to the
platelet surface. This point-dipole approximation is efficient and, due
to the electrostatic repulsionbetweenplatelets not allowing them to ap-
proach closely, should not introduce significant errors. The direction of
the magnetic moment direction is fixed, whereas its absolute value
μ(n) is scaled with the volume of the platelet magnetic core v(n), such
that μ(v(n)) = μrπr2h, where the constant μr is fixed such that the me-
dian platelet has amagneticmoment of 1 in simulation units. As a result,
two random platelets withm and n raspberry beads, whose centres are
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where, is the vector connecting platelet centres and ; μ0 is themagnetic
vacuum permeability. This interaction favours head-to-tail orientation
of dipole moments, which can be additionally enhanced by an applied
magnetic field . The latter tends to align any platelet dipole along its di-
rection through Zeeman interaction:
βUH ¼ −μ0 μ! H
! 
: ð3Þ
Even though the point dipole approximation might be not fully rep-
resentative for the magnetisation distribution of platelets shown in
Fig. 1, it is a good starting point when investigating diluted systems
with relatively strong electrostatic repulsion between platelet surfaces.
We consider electrostatic repulsion between platelets to be strong
enough to also prevent VanderWaals aggregation, as seen by the colloi-
dal stability in experiment. The electrostatics itself here is modelled
using the screened Coulomb/Debye-Hueckel potential to implicitly ac-
count for the electrostatic effects of the ionic strength of the solution,
while explicitly incorporating the experimental measurements of elec-
trostatic suspension properties discussed in [66]. Specifically, inaddition to the Bjerrum length lB, the Debye length κ−1 is a parameter






Since the entire surface of the platelets should be repulsive, each
raspberry bead carries this interaction potential with a charge of q =
Q/n, where Q is the total platelet charge and n is the number of beads
in the platelet.
3.2. General scheme
The equilibrium properties of a system of N MPLs in the cubic vol-
ume V at constant temperature T are studied by conducting simulations
in the NVT ensemble in a fully 3D periodic system, using the Langevin
thermostat [67]. The latter introduces stochastic and friction terms in
the translational and rotational Newtonian equations of motion in
order to implicitly mimic the effects of the thermal fluctuations of the
liquid solvent. Thus, we refrain at this point from simulating hydrody-
namic interactions between platelets and only focus on the static struc-
tural and magnetic response.
All simulations in this work were performed using the ESPReSso
simulation package [68]. This software provides numerous modules,
which include CPU parallelised implementations of all the algorithms
employed here. Long-range interactions between explicit dipoles in
bulk suspensions are computed using periodic boundary conditions
and the p3mmethod, based on fast Fourier transforms of Ewald summa-
tions [69]. The latter is based on an efficient approach that splits the
magnetic field at a given position into contributions of near and distant
dipoles, discretising the positions of the latter into an optimised lattice
[70].
The timestep of the simulations is set to Δt= 0.001. All simulations
were initialised by randomly placing N = 200 (monodisperse) or N =
198 (polydisperse) platelets in a simulation box sized such that the vol-
ume density corresponded to 0.04. In the polydisperse simulations, the
particle size distribution was chosen by taking the relative frequency of
the particle sizes in experiment (shown in Fig. 1(a)), doubling it and
rounding to the nearest integer number of particles. The simulation
then consists of 3 warmup blocks of 10,000 integrations each. First, a
capped block – the upper limit of forces in the system is set to a constant
and all forces exceeding this value are reduced to this value –with only
steric interactions enabled was run to safely distance overlapping parti-
cles. The second step was the introduction of the (initially capped) elec-
trostatic repulsion, then in the final block the cap was removed and the
magnetic interactions were enabled. After these warmups had con-
cluded, the external magnetic field was introduced (if applicable) and
we began to monitor the system energies. After approximately 60,000
integrations the energy reached a steady fluctuation rate, at which
point we began sampling the systems every 5000 integrations. These
samples were later used to compute all the results depicted in the fig-
ures shown in this paper. Overall, samples were drawn from 92 differ-
ent simulation (re-)runs with varying field strengths, resulting in
60–300 samples for each system configuration, as e.g. the polydisperse
zero-field simulations required fewer measurements to produce statis-
tically significant results.
3.3. Dimensionless parameters. Relation to the experiment
Firstly, we should note that all system parameters relevant to the
simulation are described by the dimensions of length, time, mass and
electric current. We set the reduced length scale by defining σ = 1 to
be one platelet diameter, i.e. l ∗ = 7 nm. This already allows us to com-
pute lb ≈ 0.46 and κ ≈ 0.27 by plugging in the values obtained in [66]
for the suspension of platelets in 1-butanol at a temperature of 25 °C.
The remaining three dimensions are fixed by setting the average
4 M. Rosenberg et al. / Journal of Molecular Liquids 312 (2020) 113293magnetic moment 2 ⋅ 1018 Am2 to 1 (thus fixing the electric current
scale), then setting the unit charge e0 = 1.602176634 ⋅ 1019 to 1 (fixing
the timescale) and finally setting kbT = 1 (fixing the remaining mass
scale). This means that we are able to estimate the platelet charge for
a given size by using the experimental measurement of the zeta poten-
tial [66] and the formula for a sphere of an equivalent size [71], assum-














and calculate the magnetic moment of a platelet of a given size by scal-
ing the average moment with the volume of the platelet. The external
fields in simulationwere set fromH=0.1 toH=10,which corresponds
to approximately 0.25 to 25 mT. Since these considerations already fit
the simulation system to experiment, two remaining potential parame-
ters, the Lennard-Jones well depth ε and the magnetic Bjerrum length,
are set to ε = kbT = 1 and łBM = 1/(kBT) = 1 respectively.
4. Results and discussions
4.1. Zero external field case: intrinsic anisotropy
We start analysing the influence of polydispersity on structural
properties by computing centre-to-centre radial distribution functions
(RDFs), g(r) [72]. These functions are relevant only for zero field and
low density, as only under such condition the system remains disor-
dered. In Fig. 3 one can see that up to roughly 35 nm g(r) is zero, clearly
reflecting the weakness of magnetic inter-platelet correlations and the
absence of stack formation. We observe that there is a clear preferred
spacing between the platelets, at approximately r = 63 nm for the
monodisperse case. This corresponds to approximately 1.5 platelet di-
ameters. In the polydisperse case, this peak is shifted to a slightly larger
separation due to the lognormal size distribution of the platelets, as the
average platelet is larger than the median used in the monodisperse
case. The first peak for the polydisperse system is lower and broader
than its monodisperse counterpart due to the variety of different plate-
let sizes. The comparison of the second peak, indicating the separation
of the next nearest neighbours, shows that for the polydisperse systems
this distance is barely pronounced, while it remains prominent for the
monodisperse suspensions. This does not, however, imply that the
monodisperse system is more correlated. Rather the height differences
can be attributed to the combinatoric spread in the distances, whichFig. 3. Zero field isotropic RDFs, g(r), of monodisperse and polydisperse systems: red
circles – monodisperse system; blue crosses – polydisperse system. The lines are guides
to the eye. Here and below if it is not mentioned explicitly, the size of the simulation
symbol is larger than the error-bars.has the outcome of a higher degree of spatial disorder in the polydis-
perse case.
The radial distribution function is not accessible in experiment, how-
ever, small angle X-Ray scattering (SAXS)measurements can provide an
insight into the spatial distribution of the platelets in the polydisperse
case. An alternativemethod to investigate the structure of these systems
would have been small angle neutron scattering (SANS), as described in
Ref. [73] and references therein. The SAXS scattered intensity is propor-
tional to the differential scattering cross section, which for polydisperse
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Here, V is the scattering volume,Np the number of particleswithin V,
the scattering vector, the position and the scattering amplitude of the i-
th particle. For particles of anisotropic shape, also depends on the
particle's orientation, which is denoted by a unit vector . The brackets
〈〉 denote averaging over all possible configuration of the particle's posi-
tions and orientations at a given temperature.
In experiment, two suspensions were compared, a diluted one with
volume density c0 = 0.003 and more concentrated one with cc = 0.04.
They were sealed in rectangular capillaries with dimension
0.05 mm × 1 mm and placed into SAXS instrument (Bruker AXS
Nanostar). To obtain zero field conditions, the ambient Earth's magnetic
field was cancelled using 3 pairs of coils. The scattered intensity from
both suspension was radially symmetric, i.e., it depended only on the
modulus of the scattering vector , so radial integration of the scattered
intensity was performed to obtain better statistics. In the diluted sus-
pension (0.003), there are no correlations between the platelets, thus
the second term in Eq. (5) is zero and the scattered intensity I(q,c0) is
a sum of scattered intensities from individual particles. In this case,
the scattering experiment gives information on particles' shape aver-
aged over size and orientation.
I q; c0ð Þ∝NpV F q
!
; n!
  2	 
: ð6Þ
In themost concentrated suspension, correlations between particles
exist, which can be clearly observed when the scattered intensity from
concentrated suspension I(q,cc)is divided by the scattered intensity
fromdiluted suspension,which yields experimental structure factor de-
fined as
~S qð Þ þ 1 ¼ c0
cc
I q; ccð Þ=I q; c0ð Þ: ð7Þ
In Fig. 4(a) we plot , providing the experimental error-bars. The ad-
vantages of using SAXS were also discussed in the context of ferrofluids
with spherical nanoparticles in Ref. [74].
One can clearly see that the first peak is very pronounced and its po-
sition corresponds to the q ~ 0.35. The second peak is found at twice
larger value of q. Even though these values cannot be directly related
to real space separations between platelet centres, the overall shape of
qualitatively represents the behaviour of the centre-to-centre S(q),











−i q! r! j− r!k
 
: ð8Þ
Here, we have to note that because the particles are anisotropic
and polydisperse and because the platelets' orientation and
(a)
(b)
Fig. 4. (a) Experimental data for + 1 from Eq. (5). (b) Simulation results for the zero-field
isotropic SFs, S(q), of monodisperse and polydisperse systems: red circles –monodisperse
system; blue crosses – polydisperse system. The lines are guides to the eye.
Fig. 5.Bondorder parameterQl, Eq. (11), as a function of l. Red –monodisperse case; blue–
polydisperse system.
5M. Rosenberg et al. / Journal of Molecular Liquids 312 (2020) 113293relative position are correlated, the second term in Eq. (5) cannot
be decomposed into a product of the usual structure factor (defined
in Eq. (8)) and the square average of the form factor as it is usually
done for spherical particles. This is a common issue in interpreta-
tion of SAXS or SANS data [73,75,76]. However, when the correla-
tion peaks are distinctive as shown in Fig. 4(a), qualitative
comparison of the position of the correlation peaks with the struc-
ture function obtained from simulations data is still possible and
such analysis is justified. So although a direct comparison would
not be fruitful, one finds an excellent agreement in terms of peak
height, peak separation and overall shape as shown in Fig. 4(b).
The monodisperse case clearly recovers the peak at 2π/
0.1 ≈ 63 nm and shows a secondary peak at roughly 2π/
0.2 ≈ 31 nm, which corresponds to the distance where the radial
distribution function begins to be non-zero. In the polydisperse
case, we also see the peak at slightly greater distances than in the
monodisperse case, confirming what was shown by the radial dis-
tribution function.
To conclude this section, we can say that the coarse-grained repre-
sentations adequately describes the system of polydisperse magnetic
platelets. Thus, one can conclude that the system's polydispersity
leads to an overall spread in the characteristic inter-platelets distances.
Moreover, the problems of polydispersity were actively discussed for
SANS experiments with conventional ferrofluids containing quasi-
spherical nanoparticles [76], so that one can use them in the futureinvestigations. Below, we will use only simulation data to describe in
more detail the structure of isotropic phase in the system of poly- and
monodisperse nanoplatelets.
4.1.1. Bond-order parameters
In order to quantitatively characterise spatial monomer distribution,











where Ylm are spherical harmonics of the respective order, lm, and an-
gles θ and ϕ are correspondingly azimuthal and polar angles of a dis-
placement vector between two platelets, in a lab reference frame.
Only those pairs of platelets are taken into consideration,whose separa-
tion is smaller than the value of the first RDF minimum, as shown in
Fig. 4.1. The function is averaged over all such particles, i, j, then over
time and, finally, over all runs:
Qlm ¼ Qlmh i: ð10Þ







 2" #1=2; ð11Þ
is plotted in Fig. 5 in the form of histograms. It is known that based onQl
distribution, one can distinguish between different crystalline ordering
in the system [77].
Looking at this figure, one can see that inherent to crystalline order
Q4 or Q6 are negligibly small, and that the largest value is obtained by
Q3, which might be attributed to a precursor to a honey-comb-like
structure. However, the values of Q3, not to mention the others, remain
very low to reveal a fully liquid state of both mono- and poly-disperse
systems. In general, Fig. 5, shows that on the level of nearest neighbours
the polydispersity does not affect the relative local structure, rather it
contributes to the longer range properties.
4.2. Impact of an applied magnetic field
We applied external fields between H = 0.1 (≈0.25 mT, very low)
andH=10 (≈25mT, very high) to the simulated suspensions ofmono-




















Fig. 6.Magnetisation curves.M andH are in simulation units and therefore dimensionless.
Symbols – simulation data, solid lines – predictions of Eqs. (12) and (14) that coincide for
both systems. Blue squares are used for the polydisperse system; red stars for the
monodisperse case.
6 M. Rosenberg et al. / Journal of Molecular Liquids 312 (2020) 1132934.2.1. Magnetisation curves
The magnetisation M i.e. the sum of the projections of all magnetic
moments in the system on the field axis shown in Fig. 6 with symbols,
is measured for mono- and polydisperse systems in simulation (red(a) (b)
(d) (e)
Fig. 7. Structural properties of themonodisperse platelets suspension. Snapshots of the platelet s
direction from the left to the right in the figure. (d) Structure factor, S(q⊥), calculated in the pl
calculated along the field direction. (f) Bond order parameters calculated for different fields. Thand blue lines) and normalised by the value of saturationmagnetisation
of corresponding systems, Ms, obtained as direct sums of all platelets
moments. The lines are the result of two different analytical models. It
is well known that the magnetisation ML of an ideal monodisperse
superparamagnetic gas obeys a Langevin law [78,79]:
ML Hð Þ ¼ MsL μHkBT
 
; ð12Þ
where L(α) is the Langevin function:
L αð Þ ¼ coth αð Þ−1
α
: ð13Þ
In case the system is polydisperse, Eq. (12) can be generalised by
weighting the integral average with the particle size distribution [80].
Usually, however, magnetic interparticle correlations are very impor-
tant. A reliable model to take them into account for both mono- and
poly-disperse moderately concentrated and non-cluster-forming mag-
netic systems results from a the so-called modified mean-field theory
of the second order (MMFT2) [81]. In the framework of MMFT2, the
magnetisation of the system is obtained by replacing H in Eq. (12) by
an effective field He(H):













ystem (a)H=2; (b)H=4; (c)H=8. Thefield points along x-axis and corresponds to the
ane perpendicular to the vector of an applied magnetic field, H. (e) Structure factor, S(q‖),
e values of the field colour-coding is provided in (f) and is the same for (d) and (e).
7M. Rosenberg et al. / Journal of Molecular Liquids 312 (2020) 113293Both simulation cases are almost identical to the predictions of
MMFT2, that in turn fully coincide with Langevin magnetisation. This
suggests that the platelets are fully magnetically uncorrelated. The rea-
son for that is a very strong electrostatic repulsion in combinationwith a
very low number density. As it can be seen in Fig. 6, the polydisperse
systemhas a higher initial slope ofM(H), that is the initial susceptibility.
This can be attributed to a small fraction of very large, therefore strongly
magnetic platelets in the polydisperse system. Once the structure of the
monodisperse system has been analysed in detail, we show how this
fraction of platelets actually affects the overall field-induced anisotropy
in the suspension.
4.2.2. Field-induced structural anisotropy
In this section we investigate the impact of an applied external
magnetic field on the structural properties of both poly- and
monodisperse systems. As we expect the system to become spatially
anisotropic under the influence of the external field, H, we decided to
calculate centre-to-centre structure factors parallel and perpendicular
to the direction of H. This is done by splitting into two components
and .
In Fig. 7, we plot a set of simulation snapshots for a selection offields.
Examining the snapshots (a) through (c), we see that the system re-
mains completely isotropic for low fields, then, as the field goes above
H = 2, begins to exhibit faint signs of orientational preference to align
with thefield, and appears strongly aligned onceH grows to 8.However,
the ordering in Fig. 7(c) is far from being perfect.
This is reflected in the structure factor perpendicular to the field,
which appears nearly identical to that of the zero-field suspension for
fields lower than H = 2 (in purple), then shifts to larger distances as
the field grows large (in green), Fig. 7(d). The opposite trend can be ob-
served for the structure factor parallel to thefield,which is initially iden-
tical to that perpendicular to the field, then shifts to nearer distances as
thefield grows: one observes a light shift of thefirst peak position to the
right (compare purple and green curves in Fig. 7(e)). Overall, the char-
acteristic separation found in the field-free case is conserved up to fields
of approximately H=2: after this, the characteristic distance splits into
a characteristic short separation parallel to the field and larger separa-
tion perpendicular as a nematic-like ordering of the platelets is induced
by the externalfield. It should again be remarked that this ismirrored by
the alignment of the platelets with the field, and we only consider
center-to-center distances, which means that the minimum separation
between platelets that may come to lie in plane would have to be at
least a platelet diameter. This not a sharp transition taking place at a
specific field strength: one can see by observing e.g. the peak heights
for a field ofH=1andH=2 that the increased ordering of the platelets
doesn't perfectly correspond to the field strength. Rather, there is an in-
termediate regimewith partial orientational and no positional ordering
when the field strength is comparable to the dipolemoment. Examining
the bond order parameter in Fig. 7(f), we see that the platelets do not
adapt any specific ordering as all values are below Ql = 0.5. However,
there is a distinct preference for the bond order of 3 across all field
strengths, providing an indication that the system may be cultivating a
honeycomb structure that alreadymanifests itself forH=0. Indications
of this can also be seen by analysis of the simulation snapshots. Conclud-
ing that platelets form a honeycomb structure would however be pre-
mature, as the bond order parameters are of such low values that they
are strongly affected by the noise of the gradual transition seen in
Fig. 7(e) in particular.
In the polydisperse case, shown in Fig. 8, we see a much more pro-
nounced shift occurring as soon as the field grows greater than the me-
dian dipole moment, H= 1. For H= 2 in Fig. 8(a) some platelets seem
to be already aligned with the field H. If one compares Figs. 7(b) and 8
(b), in which H = 4, it is easy to notice that even a small fraction of
highly anisotropic large diameter platelets is sufficient to induce much
higher ordering than it is found in a monodisperse case. The fact that
q!
q⊥ ¼ q!⊥
  ¼ 0; qy; qz   q‖ ¼ q!‖  ¼ qx;0;0ð Þj jlarge platelets have higher magnetic moments make them more sus-
ceptible to weak fields. At the same time, their high anisotropy once
they are aligned with the field perturbs the complete system in a
more drastic way. Thus in combinationwith the external field, the poly-
disperse system supports an earlier and more pronounced induced
nematic-like ordering. For H = 8, as shown in Fig. 8(c), the suspension
of polydisperse platelets seem to be highly orientationally ordered.
In the structure factor perpendicular to the applied field, Fig. 8(d),
the stronger ordering is reflected by a larger shift of the first peak into
the region of smaller q, without the added noise of the monodisperse
case. Again, we observe an initially isotropic structure factor at very
low fields, which splits into a distinct lower separation parallel and
greater separation perpendicular (see, Fig. 8(e)) to the field. The orien-
tational ordering could theoretically be accompanied by spatial ordering
of the platelets centres. Looking at Fig. 8(f), where we plot the bond
order parameters, we again see the tendency towards a honeycomb-
like structure which again appears uncorrelated with the field. In
other words, orientational ordering caused by the presence of the low
fraction of large platelets leads to a more notable evolution of the struc-
ture factor both parallel andperpendicular to the appliedmagneticfield,
but does not cause any spatial ordering of platelets centres.
5. Conclusion
We have developed a coarse-grained molecular dynamics model
which can qualitatively reproduce the experimental system for low
densities and captures the structure of the fluid within reasonable ex-
pectation. The developed approachwas applied to investigate the struc-
ture and the magnetic response of magnetic platelets as well as to
elucidate the impact of polydispersity.
We have found that in the absence of an appliedmagnetic field both
poly- and monodisperse systems are in a liquid state with a preferred
separationbetween platelets of approximately one and a half diameters.
In the polydisperse case, the characteristic separations have awider dis-
tribution that results in an overall less correlated system. These results
are confirmed by SAXS measurements.
This correspondence changes drastically once themagnetic field is ap-
plied. Due to the presence of a small fraction of relatively large, highly an-
isotropic and strongly magnetic platelets in the polydisperse suspension,
weak fields already lead to a significant nematic-like ordering in the sys-
tem. In the monodisperse case the platelets also orient themselves, but
the application of a much stronger magnetic field is required. We calcu-
lated partial structure factors parallel and perpendicular to the field. For
both poly- and mono-disperse systems we observed that for a strong
enough field, the characteristic distances in the plane perpendicular to
the field increase, whereas those along the field get shorter. This splits
the characteristic separation between platelets into a component parallel
and perpendicular case, the former of which allows for a closer approach
on average, which is promising considering the platelets are expected to
stack at higher densities and form a ferromagnetic phase [60].
The analysis of bond order parameters has not revealed any pro-
nounced structuring of the platelets centres. However, we observe a
precursor of a discotic honeycomb structure, which can be enhanced
by the external field.
Currently, we are focused on the investigations of more concen-
trated suspensions, aiming at describing the emergence of the ordered
phase in the absence of an applied field.
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